Abstract: This paper describes the numerical investigation of the mechanical behaviour of a structural component of an aircraft wing flap support impacted by a wheel rim fragment. The support link made of composite materials was modelled in the commercial finite element code Abaqus/Explicit, incorporating intralaminar and interlaminar failure modes by adequate material models and cohesive interfaces. Validation studies were performed step by step using quasi-static tensile test data and low velocity impact test data. Finally, high velocity impact simulations with a metallic rim fragment were performed for several load cases involving different impact angles, impactor rotation and pre-stress. The numerical rim release analysis turned out to be an efficient approach in the development process of such composite structures and for the identification of structural damage and worst case impact loading scenarios.
Introduction
Composite materials allow for significant weight savings in aeronautical structures due to their well-known high weight-specific stiffness and strength properties. Therefore, more and more classical metallic aircraft parts are replaced by lighter and often cheaper composite parts. One example, which is the focus of this paper, is the linkage system of the aircraft wing flap (Fig. 1) . Flaps are the moveable surfaces at the trailing edge of the wing, allowing for an increase of lift when flying at lower speeds during take-off or landing. The rear link is typically built as a massive metallic component. In recent years, innovative concepts of a rear link made of composite materials have been developed to replace the existing metallic solution for weight and cost saving reasons [1] [2] [3] [4] . Such a composite rear link structure is primarily designed for different quasistatic load cases related to different wing flap positions [5] . However, one important dynamic load case is also relevant for such a rear link, which falls in the category of 'particular risk', with a very low probability of this scenario to happen with only very few documented cases in the history of commercial aviation: the impact of a wheel rim fragment after fracture of the aircraft wheel during take-off or landing, referred to as 'rim release'. Aircraft wheels are typically made from forged aluminium alloy, such as 2014-T6, 2040-T6 or 7050-T74 [6] . During service they are exposed to harsh operating conditions, like high take-off and landing loads, high-energy and hightemperature braking events or corrosion from runway and aircraft fluids. The main cause of rim fracture is high-cycle fatigue loading with the weakest area at the flange of the wheels. When wheel failure occurs, the fragments are often propelled with high energy. Some examples are documented in the technical literature, e.g. the wheel failure of a Piaggio P180 business aircraft with the bursting wheel flange fragment being thrown against the landing gear door [7] . Further examples of a Lockheed C-130 military transport aircraft [8] and other aircraft can be found in [9] [10] [11] [12] . One of the most vulnerable structures against a wheel fragment impact in the immediate vicinity of the aircraft's main landing gear is the linkage system of the wing flap. Although a fracture of the rear link, which is one of the major parts of the flap kinematics, would not instantaneously be critical, as the aircraft would still be able to land safely without the flap being extended, the flap could fold up and eventually break loose, which drives the aircraft manufacturer to investigate this load case. Rim release investigations are typically conducted experimentally, by shooting defined fragment impactors on the rear link structure on a gas gun test facility [13, 14] . As such tests are both time-and cost-consuming for new design concepts in terms of prototype manufacturing, testing efforts and damage inspection, today's trend is more and more to use virtual tests performed with dynamic finite element (FE) simulations to reduce the amount of real experiments to a minimum. This paper describes the approach of simulating the high velocity impact of a metallic wheel flange fragment on a conceptual composite rear link of the wing flap support using the commercial FE code Abaqus/Explicit. After the introduction of the rear link structure concept, the model generation and stepwise validation using static and low velocity impact test data is explained, before high velocity impact simulation results with a rim fragment impactor are presented.
Composite linkage bar -materials and manufacturing
The composite rear link was developed and manufactured at EADS IW within a research project, aiming at costand weight-reduced high lift components for civil aircrafts [1] [2] [3] [4] . It basically consists of two centre part laminates surrounding a foam core, two inner rings as a reinforcement for the connection to the bearings and the loop as the main load-carrying part (Fig. 2) .
The manufacturing of the rear link is based on advanced braiding processes and liquid resin infusion techniques. The starting point is a 15 mm thick PMI foam core of the type Rohacell 71WF, which is used as a mandrel in a conventional braiding process, applying ±45°textile rein- forcement layers of Tenax HTS 5631 carbon fibres (Fig. 3a) . Additional 0°reinforcement layers of the type C.Cramer 1157 are applied on the side walls after each braiding step. This procedure is repeated until the specified thickness of the centre part is reached. On both ends of this part a radius is cut for the connection of the inner rings, using an ultrasonic cutting machine (Fig. 3b) . The 2 mm thick E-glass fibre-reinforced inner rings are a ±45°braided textile as well. The loop is braided around the centre part and the two inner rings using an unidirectional (UD) braiding process [15, 16] (Fig. 3c) , where the HTS carbon fibre can be placed with almost no ondulations, using a Grilon C85 yarn for fixation. The final fibre angle inside the loop is ±5°in tangential direction with a total number of 30 unidirectional braided layers and a final thickness of 12 mm. This final preform of the rear link is infiltrated with Hexcel RTM6 epoxy resin in a vacuum-assisted process (VAP) and cured at 180°C. After machining of the cured rear link, the bearings are fitted under low temperatures (Fig. 2) .
Finite element model development and validation

Rear link model
Geometry and meshing
The composite linkage model consists of four major parts, which are the loop, the centre part, the foam core and the inner rings. All parts are created as 3D bodies in the commercial FE-software Abaqus V6.9-1. The foam core is meshed with 8-node solid elements of the type C3D8 with full integration to avoid hourglassing problems. The crushing behaviour of the Rohacell foam is modelled with the 1Crushable-Foam' material model and isotropic hardening based on tabular input, enabling the representation of a typical stress-strain curve for cellular materials with a linear elastic, almost constant crushing and densification regime.
Since the default composite material models in Abaqus are not available for solid elements, all other composite parts are meshed with 8-node continuum shell elements of the type SC8R. Two different mesh sizes were investigated in this study. The 'coarse' model was built from elements with a side length of approx. 3 mm, leading to a sum of 28.441 elements. The 'fine' model, on the other hand, was built from elements with a side length of approx. 1 mm and 153.916 elements in total. The inner rings were attached to the surrounding parts and the centre part was attached to the loop by tie constraints. A general contact was defined, which prevents any part of penetrating another part.
Composite material model
Different damage mechanisms can occur in composite laminates under impact loading, absorbing the initial kinetic energy of the impactor and reducing the residual strength. Although they strongly depend on factors like structural thickness, boundary conditions, impact velocity, impactor mass and geometry, they can often be identified as matrix cracking, delaminations and finally fibre rupture. It is desired that all these potential failure modes are covered by the numerical model enabling their occurrence in the simulation as well.
State of the art of intralaminar stiffness and failure modelling of the individual ply is either the assumption of linear elastic stiffness behaviour in combination with failure criteria or the utilisation of continuum damage mechanics (CDM)-based models with a continuous stiffness degradation under increasing load. In the current study, the default composite material model in Abaqus was used, which is based on an orthotropic linear elastic formulation and Hashin failure criteria [17] for damage initiation: • Tensile failure in fibre direction (σ 11 ≥ 0):
• Compressive failure in fibre direction (σ 11 ≤ 0):
• Tensile failure in matrix direction (σ 22 ≥ 0):
• Compressive failure in matrix direction (σ 22 ≤ 0):
withσ 11 ,σ 22 andτ 12 as the components of the effective stress tensor, X and X as the tensile and compressive strength values in fibre direction, Y and Y as the tensile and compressive strength values in matrix direction, S L and S T as the shear strength values in longitudinal and transversal direction and α as the shear stress interaction coefficient. Damage evolution until complete erosion of the ply is controlled by fracture energies in fibre and matrix direction for compression and tension with a linear stiffness degradation.
Delamination model
The separation of adjacent plies due to normal or shear loads, referred to as delamination, absorbs impact energy and decreases the laminate stiffness and therefore needs to be covered by the model as well. Because delaminations cannot be represented inside the continuum shell elements, the laminate was divided into a certain number of sublaminates with cohesive interfaces in-between, which can fail during the simulation according to a specified failure law. This approach is referred to as 'stacked shell' approach and consists of continuum shell elements with cohesive elements in-between. The cohesive elements of type COH3D8R were modelled with an initial thickness of 0.001 mm, avoiding numerical instabilities and only marginally influencing the part geometry. The number of delamination interfaces was selected with care. On the one hand, a high number of interfaces is desired, as the model becomes more realistic, but on the other hand, the computational cost increases significantly because of the higher number of model degrees of freedom due to more cohesive and shell elements and the reduced explicit time step resulting from shorter element lengths. A simplification is typically necessary today to achieve industry-relevant calculation times. In the final model of this study, two delamination interfaces were implemented in the loop and one delamination interface between the loop and the outer plies of the centre part. Additional cohesive interfaces were implemented between the foam core and the centre part laminate. The positions of all delamination interfaces are shown in Fig. 4 . The failure law of the cohesive elements is based on the classical cohesive zone model (CZM) [18] with a bilinear traction-separation approach, characterised by the critical energy release rates for mode I (G IC ) and mode II (G IIC ) as the area under the bilinear curves. The delamination model was validated by performing double cantilever beam (DCB) test simulations for mode I and end-notched flexure (ENF) test simulations for mode II and comparing the results with available coupon test data.
Validation against static test data
In order to validate the stiffness, strength and delamination behaviour of the composite linkage model, experimental data of different test campaigns were used. First of all, quasi-static tensile tests of the rear link were performed and simulated. The physical test was performed on a 500 kN universal testing machine at EADS IW using strain gauges for the deformation and strain measurement (Fig. 5) . Three different force values under uniaxial tension were tested: limit load (the maximum load to be expected in service), ultimate load (limit load multiplied by a factor of safety, beyond which the component fails) and the maximum possible load of the testing machine. The test result in terms of a force-displacement plot is shown in Fig. 5 . No damage or failure occurred for limit load or ultimate load with a pure elastic deformation. Beyond ultimate load, cracking started, but the composite link did not completely fail even for the maximum load of the testing machine. The cause of the load drops in the curve was found to be a complete delamination and separation between loop and centre part.
The simulation of this tensile test was based on the model described above. Firstly, the simulation was performed using the implicit solver Abaqus/Standard, which appears to be more suitable for a quasi-static load case. The load level, when delamination between loop and centre part occurred in terms of cohesive element failure, correlates extremely well to the experimental load level. However, the implicit simulation becomes numerically instable in the post-damage region, so that the explicit solver Abaqus/Explicit was finally used for the complete simulation also of the post-damage behaviour. Again the beginning of delaminations matched to the implicit calculation and experimental results (Fig. 6 ). Global failure of the linkage structure occurred at a force of 660 kN. Since the test was only conducted up to the maximum load level of the testing machine of 500 kN, this result cannot be verified by test data. The evaluation of the Hashin failure criteria showed that damage initiation starts at the junction between loop and centre part with matrix tensile failure being the first failure mode to occur (Fig. 6). 
Validation against low velocity impact test data
The second test campaign used for model validation are low velocity impact (LVI) tests of a rigid metallic projectile onto the clamped composite rear link, performed at the drop tower test rig of EADS IW using a hemispherical steel impactor with a diameter of 15.75 mm and a mass of 4 kg. The impact velocities of 2-7.5 m/s led to impact energies of 10-113 J. Different impact positions were tested, as illustrated in Fig. 7 : on the top and side of the loop as well as on the centre part. Force and displacement were recorded during the tests and post-test damage assessment was performed using micro-computer tomography (µCT), see Fig. 8 . The focus of this study is primarily on the validation of the stiffness, strength and delamination behaviour. The impact simulations were performed with a rigid hemispherical projectile and initial conditions according to the tests (Fig. 9) . The total simulation time was 3-5 ms, depending on the impact velocity. An overview of selected results and comparison between test and simulation is given as follows:
• Impact on top of the loop.
The impact on top of the loop was performed with kinetic energies of 50 and 113 J. For both velocities, significant damage was visible in the CT-scans, as shown in Fig. 10 for the 50 J impact. Delamination occurs primarily in the upper region of the thick laminate. Severe cracks and delaminations propagate from the impact point on the top surface downwards through the laminate. The delaminations are well represented in the numerical simulation, both in terms of location and size. The exact pattern of cracking of course cannot be represented by the relatively coarse mesh, but it is captured by the intralaminar damage. The correlation of the displacement-time curves in Fig. 10 is also very acceptable. There is just a significant difference in the unloading stiffness after maximum deflection, which might be attributed to stiffness degradation mechanisms not correctly being represented in the composite material model. An improved CDM-based model could be an improvement for this topic.
• Impact on side of the loop.
The side of the loop was impacted with kinetic energies of 10, 20 and 40 J. For the lower energies, almost no damage occurred neither in the test nor in the simulation. Only very minor delaminations are visible for 20 J and very few cohesive elements are eroded in the correlating simulation. For 40 J, delaminations and cracks can be seen in Fig. 11 . The numerical prediction of the extent of this damage is not perfectly accurate, but gives a good estimation within the restrictions of the simplified modelling approach. This is also confirmed by the good prediction of the indentation depth in the displacement-time diagram in Fig. 11 .
• Impact on centre part.
The low velocity impact on the centre part was conducted with 10 J and 30 J. No damage occurred in case of the lower energy of 10 J. For 30 J, a significant debonding region between the foam core and the composite laminate is visible in the µCT-scan in Fig. 12 , resulting from a local crushing of the foam under impact and separation after elastic recovery of the laminate. The core crushing and debonding are both well predicted by the simulation. However, a significant difference appears in the displacement-time plot in Fig. 12 . The indentation in the simulation is much underpredicted, the deflection in the test was much higher. The reason for this behaviour is quite simple. The specimen used for the low velocity impact tests was the same that was used in the tensile test before, having the global delamination between loop and centre part as a predamage. This delamination leads to different boundary conditions between test and simulation and easily enables a higher deflection in the test. As a conclusion of the low velocity impact study on the composite linkage structure, it can be stated that the structural stiffness, delamination behaviour and core indentation behaviour could successfully be validated within the restrictions of the simplified modelling approach. These results gave good confidence to use this model for high velocity impact simulations in a rim release analysis.
High velocity impact simulations of wheel rim fragment
Rim fragment model and load cases
The rim release load case is based on the impact of a part of the metallic wheel flange of the main landing gear after wheel failure and acceleration of the fragment through the tire pressure. Typical reason for this kind of failure, as stated before, are fatigue cracks of the metallic wheel structure [7-10, 12, 19, 20] . The fragment used as impactor in this high velocity impact study was simplified as a circular ring segment with the dimensions selected according to the actual main landing gear wheel size of an Airbus A340 (Fig. 13 ) and a weight of 1.68 kg. The fragment is made of aluminium 7050-T74 with the mechanical properties and nonlinear stress-strain curve given in [21] . An elasticplastic material model with isotropic hardening was used in Abaqus for the metallic impactor based on tabular input of the yield stress as a function of plastic strain. Strain rate effects were neglected according to [22] . An initial velocity was ascribed to the projectile as a predefined condition according to the specific load case. Different velocities were used to identify the maximum load carrying capacity of the structural component.
The boundary conditions of the composite rear link are important as well and were introduced using so-called connector elements in Abaqus, representing the physical behaviour of the bearings that are pressed into the real linkage structure (Fig. 14) . The lateral rotations of the bearings inside the composite rings were limited to ±12°, all translational degrees of freedom of the bearing centre points were fixed. Unlimited configurations of the wheel fragment impacting the composite linkage structure are possible in terms of projectile orientation in space, impact position, impact velocity and rotation, and no clear specification is given in the related certification requirements [24] . As a simplification, five representative load cases (a)-(e) were defined and investigated first (Fig. 15) . In the first three load cases (a)-(c) the projectile is oriented perpendicular to the linkage structure just like the initial velocity. Consequently, the projectile hits the centre part or both parts of the loop at the same time. In the load cases (d) and (e), an angle of 20°is introduced with the initial velocity having an x-and y-component, so that only one side of the loop is impacted first. In all cases, the projectile hits the linkage structure in the middle to allow for a maximum bending deflection.
Impact simulation results
The mechanical behaviour of the composite linkage structure was investigated for different impact velocities and the maximum velocity was determined for each load case, when global failure of the linkage bar occurs. Interestingly, this maximum velocity was almost equal for all five load cases. This indicates, that the initial velocity or initial kinetic energy plays the major role for the impact performance of the rear link, and not the geometrical orientation of the projectile. An illustration of the impact simulations for load case (e) is given in Fig. 16 for a medium velocity and for the maximum velocity. The damage pattern for this load case consists of both intralaminar and interlaminar failure. The weakest area for delamination failure is again the connection of loop and centre part, just like in the tensile test. Here, most cohesive elements are eroded first. Further delaminations and debonding occur with increasing velocity within the composite loops and between foam core and centre part. Intralaminar damage mostly occurs due to matrix tensile failure, as illustrated in the contour plots in Fig. 16 , which highlight the damaged elements. Other failure modes also occur but only to a minor extent. Damage areas are localised in the contact area and around the rings. With increasing velocity, more and more elements are eroded due to complete fracture of the respective sublaminate. All in all, the composite structure is able to withstand significant values of initial kinetic energy of the heavy metallic impactor. Plastic deformation of the aluminium fragment only occurs in load cases (b) and (e), it is primarily elastic deformation for the other load cases. A maximum of only 1-4% of the initial kinetic energy is absorbed by deformation of the metallic projectile.
Parameter studies
In order to assess the robustness of the results and the influence of different simulation parameters, several parameter studies were performed, which are shortly summarised as follows:
• Influence of numerical parameters
The influence of mesh size, in terms of the 'coarse' (28441 elements, l = 3 mm) and 'fine' (153916 elements, l = 1 mm) meshes introduced before, was investigated using impact simulations of load case (a). The computational time for the coarse mesh was approx. 1:30 h and for the fine mesh approx. 5:00 h on a 4 CPU workstation. Besides this huge difference in computational cost, the simulation results were very similar. The location and size of damage were almost identical in both models, also the energy plots (kinetic and internal energy of metallic projectile and composite structure) were similar with a maximum difference of 2% (Fig. 17) . This result showed that the more efficient coarse model, which was used throughout this study, leads by no means to less accurate results than the fine model. Additionally, the influence of the fracture energies, defined in the Abaqus composite material model for the postdamage behaviour, was assessed, as the specification of these values is not free of discussions due to difficult experimental characterisation. Values from ideally brittle behaviour up to 5 times higher values than specified before were used, but the influence on the results was small. The maximum allowable velocity, before global failure of the structure occurred, was not influenced by this parameter, highlighting the robustness of the model.
• Influence of additional rotation
In order to make the loading scenario more realistic, additional rotation of the impactor was investigated, following the lessons learned in [25] , where the trajectory of a released metallic fragment was also investigated numerically with rotations being an essential aspect. Rotations about different axes of the metallic projectile were analysed for load cases (a) and (b). In order to allow for comparability with the simulations without rotation, two different scenarios were assessed. Firstly, the total kinetic energy of the impactor was kept constant, which leads to a decrease of the translational velocity due to the additional rotational kinetic energy. Secondly, the translational velocity was kept constant and the rotation was added on top, to investigate the influence of additional rotation. Rotational velocities of ω = 0.1-0.7 rad/ms were used. To summarise the results of this extensive study on the influence of rotation: the rotation generally did show to have an influence on the impact behaviour. The load case with rotation appeared to be more critical, with the damage pattern and damage process being influenced. The influence of rotation was sometimes higher and sometimes lower depending on the load case. As an example, Fig. 18 shows the resulting energy curves of load case (a) with maximum impact velocity for a model with and without rotation. In this case, the summed kinetic energy was identical, which means that the model with rotation had a lower translational impact velocity. In the model with rotation, less kinetic energy of the impactor is absorbed and the residual kinetic energy after impact is much higher. In general, it could be concluded, that rotation should not be neglected in such an impact study.
• Influence of prestress In reality, the linkage structure would not be unloaded but subjected to a tensile load case in the moment, when a rim release impact is likely to occur during take-off or landing. The influence of this preloading scenario was also investigated in the framework of this study. From a conservative point of view, the maximum allowed tensile load case was implemented as tensile preloading as an additional calculation step in Abaqus. After calculating the deformation state for the defined tensile preload, the deformations were fixed as an initial boundary condition for the second calculation step, i.e. the impact simulation. Additionally, friction inside the bearings generated by the tensile preloading was implemented within the connector elements.
It is interesting to note that the preload did not appear to have any major influence on the results. The damage behaviour was very similar compared to the unloaded case, only the deflection of the linkage structure was slightly lower in the preloaded case due to a stiffening effect of the tensile preload, leading to shorter contact times that could be observed in the energy plots. The energy curve peaks, however, were not influenced. Also an increase of impact velocity to identify the maximum velocity before global failure led to similar limit velocities for the case with and without preload.
Conclusions
The development of a composite rear link bar of an aircraft flap kinematic has to cover static, dynamic and fatigue loads. Due to its position close to the main landing gear, rim release impact of a bursting wheel flange fragment is a particular risk load case that needs to be investigated. This study described the numerical methodology to perform pre-test rim release analyses with the explicit FE-software Abaqus in the design phase of innovative lightweight linkage structures. It is important to cover the major failure modes of the composite structure, i.e. intralaminar and interlaminar damage with appropriate modelling approaches. Simplifications typically need to be made, in order to reduce the computational cost of such explicit analyses to an acceptable range for industrial application. Therefore, delamination interfaces were only included in the most relevant areas in the current model. Model validation is essential for accurate and reliable numerical predictions. Quasi-static tests and low velocity impact tests were used in this case that can be performed with a minor effort, and a high level of accuracy could be achieved with the simulation model, providing a reliable basis for the rim release impact simulations.
Since the specific impact conditions of the rim fragment are not specified in the certification requirements, a number of representative load cases with different geometrical orientations and impact locations were investigated numerically. Additional realistic aspects like rotation of the fragment and preloading of the linkage structure were implemented as well. The model appeared to be robust against the change of different numerical parameters, allowing for reliability of the results. It could be shown that the orientation of the impactor had a minor influence and the resistance of the composite linkage structure against the high velocity impact load was primarily dependent on the initial kinetic energy. The weakest area of the structure was found to be the connection of loop and centre part, followed by the composite loops and the connection of foam core and centre part. Damage areas were typically localised in the contact area of the impactor and around the rings.
The approach presented in this paper is a good example for the benefit of explicit numerical analyses in the design phase of composite aeronautical structures, although the final answer concerning the accuracy of the pre-test simulation results will only be given in an experimental test campaign of rim fragments being shot against the rear link.
